INTRODUCTION
Multilayered, filament wound composite (FWC) structures are of interest for aerospace applications such as rocket booster cases and aircraft fuselages. Reusable FWC booster cases are planned for future shuttle missions to reduce weight and increase payloads. Like other composite structures. FWC structures possess physical and mechanical properties that are created "in place", e.g., during fabrication and curing. These composites have unique structural properties that require new nondestructive evaluation (NDE) approaches. Development of these new materials requires parallel development of NDE methods to characterize inherent mechanical properties as well as defects. NDE techniques are needed for shuttle FWC booster cases to verify their initial condition and reusability after damage incurred during use.
Ultrasonic and acousto-ultrasonic methods are suitable for assessing mechanical properties such as elastic moduli, tensile and shear strengths, fatigue damage, and overall defect state in compOSite structures (refs. 1 to 13). Although ultrasonic methods are viable for thin composite laminates they are difficult to apply to thick, multilayered, and inherently porous FWC structures. fWC structures have high attenuation for ultrasonic waves at frequencies above 1 MHz. This is typical of composite laminates, but aggravated by the greater thickness and heterogeneity of FWC booster case materials. These factors combine to pose unique problems for measuring velocity and attenuation leading to characterization of mechanical property and defects.
This report describes an investigation of ultrasonic and acoustoultrasonic NDE methods that can be adapted for inspecting FWC structures in the form ;n which they will be fabricated and ultimately employed. The methods 1nvest1gated have the potent1al of ver1fy1ng mechan1cal propert1es and character1zing defect states. The approach employed is to first study the mater1al apart from its ultimate hardware configuration. Accordingly, this report descr1bes a study of samples of FWC material of the type being developed for space shuttle booster cases. Results of ultrasonic strateg1es for measuring mater1al morphology and mechan1cal property var1at1ons are described. The emphas1s is on ultrasonic veloc1ty and acousto-ultrason1c measurement for assessing density, porosity, 1nterlaminar shear strength, and related factors.
Mr. John Knadler of Marshall Space Flight Center provided the filament wound materials used 1n th1s study, and Mr. James Kordig of Hercules provided the technical data on their fabrication.
MATERIALS Representative FWC Segments
The materials were characterized using x-rays, through transmission ultrasonic C-scans, and a combined ultrasonic C-scan A-scan method. FWC segments were cut from cylinders fabricated as booster case test hardware. A full-scale space shuttle booster case cylinder is shown in figure 1 . Two representative segments were selected for this study. Their salient characteristics are given in table I. Segment 1 was cut from a quarter-scale, full wall-thickness cylinder that had an inside diameter of 16 cm and wall thickness of 3.01 cm (f1gs. 2(a) and (b». Segment 2 (figs. 2(c) and (d» was from a full scale, full wall-thickness cylinder with an inside diameter of 368 cm and wall thickness of 3.34 cm.
Each segment and hoop windings layers were wound system HBRF 55A. 3S01 SA.
consists of a Kevlar cloth substrate and layers of helical of graphite fiber in an epoxy matrix. The helical and hoop with graphite fiber tows preimpregnated with the epoxy resin The cloth was impregnated with the epoxy resin system Figures 3(a) and (b) are radiographs of segments The radiographs show x-ray density variations in both regions appear to run along fiber winding directions. regions are believed to be due primarily to the voids 1 and 2 respectively. segments. Low density These low density and porosity.
Ultrasonic through transmission C-scans of segments 1 and 2 appear in figures 4(a) and (b), respectively. Like the radiographs, the C-scans show considerable nonuniformity. There is a lack of any apparent correspondence between the C-scans and radiographs. This is expected because ultrasonic transmission is strongly influenced by individual discontinuities and interfaces between layers while the radiographs show only the net variation in x-ray density.
The segments can be expected to be nonuniform through the thickness as well as laterally. Individual discontinuities and interfaces between layers can be observed in A-scans. This is illustrated in figure 5 . Figure Sea) shows a photograph of the edge of a specimen cut from segment 2. About 1/4 of the thickness in from the left, or inside d1ameter, s1de 1s the exposed edge of a plane of h1gh porosity. Along with this photograph are two A-scan time records, one obtained us1ng a O.S MHz center frequency transducer, and the other using a 1 MHz transducer. The 0.5 MHz A-scan exhibits backscatter signals from the left end and the right end of the specimen with ultrasonic signal approaching from the left. It also features a prominent backscatter from about 1/4 in from the left side. We assume to identify the plane of high porosity as the source of that backscatter. The 1 MHz transducer A-scan exhibits the front surface and the 1/4-depth backscatter signals in sharper detail than does the 0.5 MHz record. However, detail from the right half of the specimen is lost to attenuation. These two A-scans illustrate the trade off associated with choice of transducer frequency.
In figure 5 (b) the specimen has been turned around such that the edge that had been on the left is now on the right. Now the plane of high porosity is 3/4 back from the left, or outside diameter, side, with ultrasonic pulse still coming from the left. The 0.5 MHz A-scan now exhibits an internal backscatter 3/4 from the left side, thus supporting the assumption that the highly porous plane is its source. Attenuation in the 1 MHz A-scan is so great that the backscatter is undetectable at 3/4 of the distance through the thickness. Figure 6 exhibits three C-scans produced by gating'~he front 1/3, the middle 1/3, and the back 1/3 of a time sweep similar to the A-scans just discussed. White areas are due to high backscatter in the area gated. High backscatter in a region close to the front does not obscure backscatter in a region behind it. This fact is demonstrated in the areas circled in figure 6 . The areas exhibit backscatter in each thickness segment independent of the others.
Density and Velocity Specimens
Three adjacent sets of specimens were cut from segment 1 and two adjacent sets from segment 2 in accordance with the scheme shown in figure 7 . In all, there were nine specimens from segment 1 and seven usable specimens from segment 2. These specimens were used to determine representative density and velocity variations laterally and through the thickness of the segments. Note that shaping of flat specimens with square corners accounts for the fact that the sum of the specimen thicknesses is considerably less than the segment thickness. Detailed radiographs of some of these specimens appear in figure 8 where the contrast between the characteristics of segment 1 and 2 material is evident.
Bend Specimens
Upon completion of density and velocity measurements, the previously described segment 2 specimens were further cut to produce 12.7 by 1.27 by 0.64 cm bend test specimens, figure 9 . Twenty bend specimens were made and tested in three-point bending. Each bend specimen contained a total of about five interleaved hoop and helical layers. Because of their small size and orientation relative to the axis of the segment (see fig. 7 ) and because of the large radius of curvature of the segment, the individual layers in the bend specimens exhibited negligible curvature and could be taken as being essentially flat and parallel.
INSTRUMENTATION
An overall view of the velocity measuring instrumentation appears in figure 10 . Water immersion provided coupling between specimens and transducers. Ultrasonic signals were detected by a transducer and were amplified and then displayed on a digitizing oscilloscope. From there the waveform was transmitted to a minicomputer for processing. Through transmission ultrasonic measurements were performed with a pair of 1 MHz transducers as sender and receiver. The objective of these measurements was to determine ultrasonic velocity values in segments and in cut specimens. Both through-specimen and water path signals were collected on the same sweep and delay setting. The cross-correlation algorithm was employed to determine the time difference of arrival of the two paths (ref. 14).
Acousto-ultrasonic measurements were performed on bend test specimens using a sensor fixture with two transducers. The sender was a 2.25 MHz pulser transducer and the receiver was a 375 kHz resonant acoustic emission sensor. Silicon rubber dry couplant pads were cemented to the 0.64 cm diameter wear plates of the transducers. The pads were used to demonstrate the utility in place of gel type couplants which are inconvenient. The specimens were clamped between the transducers and a jack with adjustable force set at 12 N. The fixture-specimen-jack arrangement is shown in figures 11 and 12.
EXPERIMENTAL TECHNIQUE Velocity Measurements
In the case of experiments on small specimens cut from the segments, ultrasonic velocity measurements were performed by through transmission in a water bath employing two 1 MHz broad band transducers. Each of the nine velocity specimens from segment 1 were measured three times at the same place. The average for each specimen is used in the results along with the standard deviation derived from them. Segment 2 specimens had the larger surface areas. Velocities were determined three times at each of three positions and average values and standard deviation were determined.
Density Measurements
Specimens were parallelepipeds. Densities were determined by measuring dimensions and weight. All weights were determined prior to immersion in water for ultrasonic velocity measurement.
Acousto-ultrasonic Measurements
As with the velocity measurements, pulses arriving at the receiver were displayed and digitized on the oscilloscope. From there they were transmitted to the computer for processing. The signal energy is defined as the square of the amplified transducer output voltage integrated over the time of the sweep_ This was used as stress wave factor. Data was taken at 1.9 cm intervals. The transducer spacing was 3.8 cm thus producing a 50 percent overlap between adjacent positions.
Bend Tests
The bend tests were performed by the three point contact method with a standard tensile test machine. The stress-strain records were used to calculate three mechanical properties as follows (ref. Each specimen was stressed to failure. Orientation of bend tests relative to acousto-ultrasonic measurements is shown in figure 12 .
RESULTS
Velocity and Density Figure 13 shows specimen density versus the distance of its center from the inside diameter surface of the original segment. The horizontal bars represent the thickness of the specimen rather than the error in determining position which is smaller. The data are presented this way because density and velocity are necessarily averages through specimen thickness. The density near outside diameter side of segment 1 ;s about 3 percent lower than the rest of the thickness. No significant dependence on lateral position is evident. The correlation of these two variables in segment 2 is not as clear as it was with segment 1. However the density here appears to increase with distance through the thickness from the inside diameter surface. This is opposite the behavior with segment 1.
Similarly figure 14 shows the measured ultrasonic velocity of the same segment 1 specimens as functions of distance from inside diameter surface. As with density, the velocity is lower toward the outside diameter side and appears not to depend on the lateral position. Segment 2 correlation of velocity with distance is even less apparent than with segment 1. ( 1 ) (2 ) Here V is velocity and p is density. R2 is the percent of the variation in the independent variable that is explained by the variation of the dependent variable along the regression curve, reference 18.
Both thermal mechanical analysis (TMA) and differential scanning calorimetry (OSe) were carried out on some velocity specimens to search for differences in cure state between the two segments. Table II shows TMA results. Higher glass transition temperature corresponds to more complete cure of the epoxy.
Acousto-ultrasonic and Mechanical Properties
Acousto-ultrasonic SWF measurements were performed on bend test specimens prior to bending them to failure. Figure 12 shows the relative orientation of these measurements and the subsequent bending. The following combinations of SWF were calculated:
(1) SWf for position 3 (2) SWf averaged over positions 2 through 4 (3) SWF averaged over positions 1 through 5
The following orientations for each of the above were tabulated:
(1) SWF on the concave side (2) SWf on the convex side SWf was calculated for each of four bands of the frequency spectrum. The FFT algorithm, reference 19, used with these data produced a 0 to 1 MHz spectrum from a 500 ~s time record of the acousto-ultrasonic signal. The spectrum was divided into four 0.25 MHz filter bands. figure 16 is a typical frequency spectrum of an acousto-ultrasonic signal obtained on a specimen. It shows the four equal width filter bands. figure 17 shows acousto-ultrasonic time domain signals for a typical specimen. Figure l7 Thus a total of thirty combinations of SWF were tabulated and regressed, (ref. 16 ), against each of three mechanical variables. Among these the best correlation was obtained regressing the convex side SWF for the frequency filter band from 0.5 to 0.75 MHz averaged over positions 2 through 4 against 1nterlam1nar shear strength (ISS). Th1s best correlat1on had R2 = 80.6 percent. The data is plotted in figure 18 . Note that the full spectrum as represented in figure 17(a) contains the 0.5 to 0.75 MHz SWF information. But the relation to ISS is obscured by the much larger signal components from the lower frequencies. Table III is included in order to emphas1ze that the relation between ISS and SWF 1s unique to the filter band 0.50 to 0.75 MHz and to the convex s1de of the bend specimen. Not shown 1n table III are the results w1th tangent modulus of elast1c1ty or ultimate flexure strength (UFS). The1r correlat1ons with SWF were s1m11ar but R2 values were not as h1gh. Table IV summar1zes veloc1ty, density, mechan1cal, and acousto-ultrason1c data for each spec1men.
ANALYSIS
The purpose of th1s section is to analyse the acousto-ultrasonic data 1n terms of the geometry of the spec1mens in order to arrive at a model that expla1ns the results. Th1s may 1n turn lead to a general app11cation to compos1te mater1al evaluation beyond the geometry of spec1ally cut spec1mens from filament wound composites.
F1gure 12 shows the way in which all the specimens failed. The failure occurred near, although not at, the convex surface. Thus the stress wave factor that correlates w1th ISS is sensitive to the shear strength near the surface of transducer contact. Figure 19 illustrates ray paths for longitudinal ultrasonic waves that reflect off the back and front surfaces with respect to the transducer positions. It is useful to calculate the time, T, it takes, assum1ng this s1mple mode of propagation for a pulse to travel from the sending transducer to the rece1ving transducer:
Where j is the number of round trips due to back and front reflections, t 1s the spec1men thickness, 0 1s the transducer separat1on, and VL is the longitudinal wave velocity. figures 17(a) through (e) are time records of acousto-ultrason1c s1gnals recovered from an FWC bend spec1men. Figure 17(a) is the record for the full 1 MHz spectrum, shown 1n figure 16, whereas f1gures 17(b) through (e) show the records for the four f11ter bands. Arr1val times for j = 1, 6, and 11 are shown 1n these f1gures assuming the pulse left the send1ng transducer at the 1nstant of trigger1ng.
The real situat10n 1s more complex due to the presence of shear waves, (ref. 20) , and of reflections at planes internal to the composite spec1men. Although we assume the 1n1t1al s1gnal leav1ng the send1ng transducer to be pure longitudinal, 1t w111 sp11t into a longitudinal and a shear component upon reflecting. Further reflections of both longitudinal and shear waves will result in further sp11tt1ng into pairs, one of each kind for each inc1dent wave. Reflection at planes 1nternal to the specimen further mult1plys the number of ray paths involved in the problem.
In order to make an est1mate of the transit time, T, with shear waves present 1t 1s necessary to employ Snell's law for this case 7 VL/sin (aL) = Vs/sin (as) where VL and Vs are the longitud1nal and shear wave veloc1t1es in the material and aL and as are their angles of reflection. (4) Table V was constructed with the aid of equation 4 and reference 21. Both the transit time T and the product of successive reflection coefficients are presented for the cases j = 1 (one back surface reflection), and j = 2 (two back -one front surface reflection), and for the specimen and transducer geometry of our experiment. VL was taken as a value typical of the results in this report for graphite/epoxy. Vs was not determined experimentally. However the ratio VS/VL was assumed to be the same as for po1ymethylmeth-acrylate as was determined from reference 21. The first two rows of table V are calculations for j = 1. The remaining rows are for the eight possible combinations with j = 2. The notation L-S-L-S, for example, is for the ray path that starts longitudinal, reflects as shear, reflects again into longitudinal, and finally again into a shear wave. T is the sum of the four path times. The path times are obtained from the physical distance the ray travels. This is solved trans1denta11y under the constraints equation 4 puts on the re1at1on of aL to as'
Comparison of these values of T with the time records of figures 17(a) through (e) shows that this mode of ultrasonic energy propagation with low j, arrives in the early part of the acousto-ultrasonic signal.
Allowing reflections at internal planes in the specimens allows other combinations of "L" and US" ray paths. However for a g1ven order j of multiple reflections these additional ray paths will be no longer and generally shorter than the kind considered in table V. Thus these additional ray paths due to internal reflections will also arrive early in the acousto-ultrasonic signal.
Note also that internal reflections tend to cause the ray paths to concentrate on the transducer side of the specimen. This is where, experimentally, the sensitivity to ISS was observed.
One would expect that the bulk of ultrasonic energy traveling in this mode would arrive at the receiver for j < 6. However most of these time records exhibit greatest amplitudes of signal beyond j = 6. Figure l7 (f) is a through transmission record of the sender pulse. It is less than 50 ~s long and can not account for the long acousto-u1trason1c records of figures l7(a) through (e) by its own length. Among these, only figure l7(d), the 0.50 to 0.75 MHz record, has greatest signal amplitudes between j = 1 to 6. The other frequency ranges appear to be dominated by some other mode of propagation since they are strongest at longer times.
Sensitivity to interlaminar shear strength and sensitivity to the front and back surface reflection mode of propagation both occur in the 0.50 to a 75 MHz frequency band. It is likely, therefore, that it is this particular mode of ultrasonic wave propagation in the FWC that contains the sensitivity to mechanical strength. These ultrasonic waves sample 1nterlamina strength from front to back of the specimens and must respond to some average through the thickness. They also do not differentiate between measurements on the convex and concave sides. The A-scans, however, show that considerable ultra sonic energy reflects internal to the composites. The waves carrying this energy would be weighted towards sampling interlamina strength on the side of transducer contact.
The acousto-ultrasonic waveforms presented in figure 17 show that much more ultrasonic energy arrives at the receiving transducer than the few back and front reflections discussed to this point. This other energy travels a greater time. Figure 17 suggests it is subject to greater attenuation in the 0.5 to 0.75 MHz range. This may in part explain the frequency dependence in the relationship to ISS. The 0.5 to 0.75 MHz filter band does not survive long enough to be overwhelmed by the longer path modes of propagation as are lower frequencies. On the other hand, the frequency spectrum in figure 16 shows that the filter band 0.75 to 1.00 MHz does not contain a range of reliable strong signal. One expects that the range of this compromise will depend not only on the material being measured but also on its geometry and on the characteristics of the transducers employed.
It has been established that ultrasonic parameters can be related to mechanical properties and to defect states in composites (ref. 2 and 12) . The present results suggest that ultrasonic waves propagated through the lamina planes are sensitive to interlamina strength. This in turn suggests that collection of the ultrasonic signal should be tailored to emphasize this propagation mode. This might be accomplished in the time domain or in the frequency domain depending on the geometry of the composite specimen.
DISCUSSION

Velocity and Density
The present work has demonstrated that the density of FWC can vary as much as 3 percent within one cylinder, and more so from one cylinder to another. The variation of density through the thickness has not been associated with a mechanical property. However there is indication that this variation is systematic and may correspond to changes occurring during the filament winding. The variation of density from one cylinder to another has been identified with differences in porosity. Figure 15 is a combined plot of velocity versus density for the two segments. This linear relation has been observed to be correct for other porous materials such as ceramics (ref. 17) . Over the narrow range of these data, however, it is not easy to distinguish between this and other relationships.
The data for the two segments do seem to fall in separate populations. An obvious difference between them is macroscopic porosity. Segment 2 was more porous than segment 1. This was observed visually along the edges of the specimens. Examples of the porosity can be seen in figure 8 . The light areas on these x-ray prints are low density in the material. The light lines are generally void channels that run along fiber winding directions. They are random but overall much more numerous in segment 2 than in segment 1.
Scanning electron microscopy was employed in samples of various density. No textural or microporosity differences were found among them These segments were fabricated from identical starting materials (ref. 15). Thermal mechanical analysis (TMA) and differential scanning calorimetry (DSC) measurements revealed no differences in cure state between speCimens of different density within the same segment. TMA did, however, suggest that segment 1 was more completely cured than segment 2 (see table II).
Thus two properties, macroscopic porosity and cure state of epoxy are suggested as possible sources of the differences between the segments as revealed in the velocity-density relation.
Acousto-ultrasonics and Mechanical Tests
The analysis of acousto-ultrasonic and mechanical data of this report has demonstrated the importance of considering the propagation path of the ultrasonic energy. The interlaminar shear strength of the specimens was found to be related to the portion of the acousto-ultrasonic signal that is dominated by waves traveling with a displacement component parallel to interlaminar bonding forces, and concentrated in the region of yield. Examination of other parts of the acousto-ultrasonic signal revealed no correlation to the mechanical properties studied.
This work demonstrates the value of partitioning acousto-ultrasonic signals in the frequency and in the time domains for calculation of stress wave factor. A mechanical property of filament wound graphite/epoxy composite material, the interlaminar shear strength, was found to be related to stress wave factor when calculated for the frequency band 0.5 to 0.75 MHz. This relationship was totally obscured for the stress wave factor as traditionally calculated for the ulfiltered signal.
It is not unlikely that these other portions of the acousto-ultrasonic signal relate to other mechanical properties or to flaw states not considered here. A search for such relations offers the possibility of greatly increasing the usefulness of acousto-ultrasonics in the study of composites.
In the present work it was assumed that shear waves played no part in the ultrasonic-mechanical relation. Admitting them to the analysis would greatly increase the complexity. However it may also facilitate correlation with mechanical properties under some conditions. CONCLUSIONS Acousto-ultrasonic stress wave factor values can be used as predictor of interlaminar shear strength for small bend test specimens cut from composite segments. The sensitivity of stress wave factor to interlaminar shear strength lies in the ultrasonic energy propagated at normal incidence to lamina boundaries. This mode is essentially due to waves traveling normal to the lamina planes.
This work demonstrates the value of partitioning the acousto-ultrasonic Signal in the frequency and in the time domain for calculating the stress wave factor. The unpartitioned signal which has traditionally been used to calculate stress wave factor can contain useful information relating to mechanical or material properties but which is not observable.
Ultrasonic velocity in thick filament would composite materials can be measured employing a through transmission method in a water bath with two transducers. The more familiar one transducer pulse-echo method is not appro priate for these materials. The most important reason for this is the existence of internal reflections at ply boundaries and pore surfaces. A-scans taken of these materials show that the interval reflections prohibit sufficient isolation of the back surface echos
The ultrasonic velocity in thick filament wound graphite/epoxy composites is an increasing function of the material density. The density may differ up to 3 percent from place to place in a segment. This variation corresponds to a similar variation in velocity. This density variation is through the thickness of the segment and is thus probably caused by changing conditions during the filament winding process such as curing rate of the epoxy or winding tension in the filament. Density is also affected by porosity in the material and possible cure state. 
.268 L-S-S-S 26.02 .052 Centimeters from I do surface A preliminary investigation was conducted to define capabilities and limitations of ultrasonic and acousto-ultrasonic measurements related to mechanical properties of filament wound graphite/epoxy composite structures. The structures studied were segments of filament wound cylinders formed of multiple layers of hoop and helical windings. The segments consisted of from 24 to 35 layers and ranged from 3.02 to 3.34 cm in wall thickness. The resultant structures were anisotropic, heterogeneous, porous, and highly attenuating to ultrasonic frequencies greater than 1 MHz. The segments represent structures to be used for space shuttle booster cases. Ultrasonic velocity and acousto-ultrasonic stress wave factor measurement approaches are discussed. Correlations among velocity, density, and porosity, and between the acousto-ultrasonic stress wave factor and interlaminar shear strength are presented.
